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Abstract 29 
Concentrative nucleoside transporters (CNTs) are responsible for cellular entry of nucleosides, which 30 
serve as precursors to nucleic acids and act as signaling molecules. CNTs also play a crucial role in the 31 
uptake of nucleoside-derived drugs, including anticancer and antiviral agents. Understanding how CNTs 32 
recognize and import their substrates could not only lead to a better understanding of nucleoside-related 33 
biological processes but also the design of nucleoside-derived drugs that can better reach their targets. 34 
Here we present a combination of x-ray crystallographic and equilibrium-binding studies probing the 35 
molecular origins of nucleoside and nucleoside drug selectivity of a CNT from Vibrio cholerae. We then 36 
used this information in chemically modifying an anticancer drug so that is better transported by and 37 
selective for a single human CNT subtype. This work provides proof of principle for utilizing transporter 38 
structural and functional information for the design of compounds that enter cells more efficiently and 39 
selectively. 40 
 41 
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 50 
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Introduction 52 
Nucleosides play critical roles in biology as precursors to nucleic acids and the energy currency of the 53 
cell and also serve as signaling molecules (King et al., 2006, Rose and Coe, 2008, Molina-Arcas et al., 54 
2009). Furthermore, nucleoside analogs have clinical applications as anticancer and antiviral drugs 55 
(Damaraju et al., 2003, Jordheim and Dumontet, 2007). Because of their immense biological and clinical 56 
importance, efficient entry of nucleosides and their analogs into the cell is crucial to human health and 57 
disease. Cellular entry is accomplished by a class of membrane proteins known as nucleoside transporters 58 
(NTs). There are two types of NTs in humans: concentrative nucleoside transporters (CNTs) and 59 
equilibrative nucleoside transporters (ENTs). CNTs utilize the energy of ion gradients to actively 60 
transport nucleosides into the cell against their concentration gradients while ENTs transport nucleosides 61 
down their chemical gradients without the requirement of any additional energy source (Gray et al., 62 
2004b). 63 
  64 
In addition to nucleosides, NTs are responsible for the transport of a wide range of nucleoside-derived 65 
anticancer (e.g. gemcitabine and 5-fluorouridine) and antiviral (e.g. ribavirin) drugs (Doehring et al., 66 
2011, Farre et al., 2004, Fukao et al., 2011, Marechal et al., 2009, Rabascio et al., 2010, Rau et al., 2013, 67 
Bhutia et al., 2011). Both NT families possess subtype-dependent nucleoside specificities and tissue 68 
distributions, while CNTs are more highly subtype-specific for their substrates and distributions than 69 
ENTs (Gray et al., 2004b, Paproski et al., 2013). As a result, different NT subtypes are responsible for the 70 
transport of different types of nucleosides and nucleoside drugs, and expression levels of different NTs 71 
can predict how patients with certain types of cancer and viral infection will respond to nucleoside-drug 72 
treatment (Doehring et al., 2011, Farre et al., 2004, Fukao et al., 2011, Marechal et al., 2009, Rabascio et 73 
al., 2010, Rau et al., 2013, Gray et al., 2004a, Mackey et al., 1998, Damaraju et al., 2009, Spratlin et al., 74 
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2004, Bhutia et al., 2011). Since there are three different isoforms of human CNTs (hCNT1-3) that 75 
possess differing nucleoside and nucleoside-drug specificities and tissue distributions, greater knowledge 76 
of the molecular origins of nucleoside selectivity by CNTs could potentially lead to better-tailored 77 
nucleoside drug delivery as well as a better understanding of CNT-mediated physiological processes. 78 
 79 
CNTs belong to the solute carrier (SLC) superfamily, constituting the family SLC28. The SLC 80 
superfamily, composed of 52 families, is responsible for the transport of ions, metabolites, 81 
neurotransmitters, and drugs in humans. Several SLC families are of particular clinical interest because of 82 
their roles in drug absorption, distribution, metabolism, and excretion (ADME) (Schlessinger et al., 83 
2013). The recent determination of the structures of several SLC transporters has advanced our 84 
understanding of the inner workings of these transporters and expanded the applicability of structure-85 
based ligand discovery using computational methods (Gao et al., 2009, Hu et al., 2011, Newstead et al., 86 
2011, Pedersen et al., 2013, Johnson et al., 2012, He et al., 2010). Although this computational method of 87 
ligand discovery is a valuable approach, it cannot accurately predict the energetically important 88 
interactions between ligands and transporters, and therefore experimental approaches should be pursued 89 
to understand the principles of ligand and drug selectivity by these transporters.   90 
 91 
The crystal structure of a CNT from Vibrio cholerae (vcCNT) presents the first opportunity to examine 92 
specific nucleoside recognition by CNTs from a structural perspective (Johnson et al., 2012). vcCNT is 93 
an excellent model system to study hCNTs: it utilizes a Na+ gradient for nucleoside transport like hCNTs 94 
and shares high sequence identity (36-39%) with hCNTs with particularly high sequence identity for the 95 
nucleoside-binding site (64% with hCNT1, 73% with hCNT2, 91% with hCNT3). For these reasons, 96 
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vcCNT has been identified as an optimal candidate for structure-based ligand discovery using 97 
computational methods (Schlessinger et al., 2013).  98 
 99 
Here we have exploited a combination of X-ray crystallographic studies and equilibrium-binding 100 
measurements of vcCNT to understand the structural basis of CNT selectivity. We have discovered that 101 
CNTs use a unique mode of nucleoside recognition that is suitable for its function as a transporter. Using 102 
the insights gained from these studies, we have chemically modified the anticancer drug gemcitabine and 103 
found that its binding affinity for vcCNT is greatly enhanced. Furthermore, the modified compound now 104 
possesses subtype-specific transport among human CNTs. Follow-up structural and mutational studies 105 
revealed the origin of subtype-specificity of the modified compound. Not only do our studies illuminate 106 
the structural basis of nucleoside selectivity by CNTs but they also provide proof of principle for utilizing 107 
membrane transporter structures for the design of drugs with more selective delivery (Han and Amidon, 108 
2000, Majumdar et al., 2004). 109 
 110 
Results 111 
The Nucleoside-Binding Site of vcCNT-7C8C and Equilibrium-Binding Measurements 112 
vcCNT forms a homotrimer with each protomer possessing its own nucleoside-binding site and 113 
permeation pathway (Figure 1A). The protomer adopts a new fold and is divided into two domains: the 114 
scaffold domain that is responsible for trimerization and maintaining the overall architecture of the 115 
transporter (light blue, Figure 1B), and the transport domain where nucleoside binding and transport 116 
occur (other colors, Figure 1B). The nucleoside-binding site, facing the trimer axis, is formed at the 117 
center of the transport domain between the tips of two helical hairpins (HP1 and HP2) and two partially 118 
unwound transmembrane helices (TM4 and TM7) (Johnson et al., 2012).  119 
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 120 
We solved the structure of a uridine-bound double mutant of vcCNT (Leu 7 to Cys and Ile 8 to Cys, 121 
termed 7C8C) at 2.1 Å, which is higher resolution than the 2.4-Å wild-type structure. This mutant was 122 
originally designed to introduce binding sites for hydrophobic mercury compounds for heavy-atom 123 
phasing. The high-resolution mutant structure revealed another water in the binding site that bridges the 124 
4-carbonyl of the uracil base with Glu 156 but was otherwise identical to the wild-type structure (Figure 125 
1C, Figure 1 – figure supplement 2, and Table 1). The mutations do not affect transporter function 126 
significantly (Figure 1 – figure supplement 1). 127 
 128 
The structure of vcCNT bound to uridine revealed that the interactions can be divided into two groups: 129 
those that involve the ribose moiety and those with the nitrogenous base (Figure 1C). To determine the 130 
energetic contributions of each of the interactions between nucleoside and vcCNT, we developed a 131 
fluorescence-anisotropy-based competition assay for measuring the equilibrium dissociation constants 132 
(KDs) for a variety of nucleosides and nucleoside analogs using the fluorescent cytidine analog pyrrolo-133 
cytidine (Table 2) (Damaraju et al., 2011). We calculated the KD for uridine to be 36 μM (Figure 1D), 134 
which is similar to the reported Km values of uridine for hCNTs (Km = 22-80 μM), further suggesting that 135 
vcCNT is a good model system to study hCNTs (Molina-Arcas et al., 2009).  136 
 137 
Nucleobase Interactions 138 
Human CNTs have differing nucleoside-base preferences: hCNT1 mainly transports pyrimidines, hCNT2 139 
prefers purines, and hCNT3 is broadly selective for both pyrimidines and purines (Gray et al., 2004b, 140 
Molina-Arcas et al., 2009). The uracil base interacts with residues on HP1 (Gln 154 directly and Thr 155 141 
and Glu 156 through water molecules) and TM4 (Val 188 via van der Waals interactions). To examine 142 
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the energetics of these interactions, we measured KDs of vcCNT for uridine analogs with modifications to 143 
the uracil base as well as other nucleosides. 144 
 145 
The anticancer drug zebularine is a uridine analog with no substituent at the C4 position of the 146 
pyrimidine base. Zebularine exhibits a ~3-fold loss of binding affinity (KD = 120 μM) relative to uridine. 147 
To deduce the structural basis of the reduced binding affinity, we solved the crystal structure of vcCNT 148 
bound to zebularine (Figure 2A and Figure 2 – figure supplement 1). The crystal structure shows that the 149 
side chain of Glu 156 adopts a different rotamer position probably because it is unable to form the water-150 
mediated interaction with the C4-carbonyl of the uracil base, consistent with the loss of binding affinity. 151 
 152 
N3 of the uracil base interacts with both Thr 155 and Glu 156 through a single water molecule that is 153 
coordinated by both residues. We measured the affinity of vcCNT for 3-methyluridine, which contains a 154 
methyl group at this position that blocks the water-mediated interaction, and we found that it significantly 155 
decreased the binding affinity (KD = 520 μM, Figure 2B and Figure 2 – figure supplement 2). The purine 156 
nucleoside adenosine and the antiviral guanosine analog ribavirin also possess similarly weaker binding 157 
affinity (KD = 470 and 1,530 μM, respectively). To examine the structural basis of the reduced affinity, 158 
we solved the crystal structures of vcCNT-7C8C bound to adenosine (Figure 2C and Figure 2 –figure 159 
supplement 3) and ribavirin (Figure 2D and Figure 2 – figure supplement 4). The structures reveal that 160 
the bulky purine base displaces the water observed in the uridine structure while maintaining similar 161 
modes of ribose binding, corroborating the idea that the reduced affinities of adenosine and ribavirin are 162 
due to the loss of the water-mediated interactions and highlighting the importance of the water 163 
coordinated by Thr 155 and Glu 156 in nucleoside recognition by CNTs.  164 
 165 
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To test the energetic contribution of substituents at the C5 position of the pyrimidine ring, we measured 166 
the KD for the anticancer drug 5-fluorouridine to be 16 μM, which is ~2-fold lower than the KD for 167 
uridine. We also solved the crystal structure of vcCNT-7C8C bound to 5-fluorouridine (Figure 2E). The 168 
structure shows that the modified uracil base still fits into the nucleoside-binding site without any 169 
structural rearrangements of the protein. To understand the origin of enhanced affinity by the addition of 170 
fluorine at the C5 position, we compared the binding affinity of 5-fluorouridine to other C5-substituted 171 
uridine analogs with differing electronegativities and atomic radii (Table 3). Fluorine is highly 172 
electronegative (3.98 on the Pauling scale) and relatively small (1.47 Å radius). When another highly 173 
electronegative but slightly larger halogen, chlorine (3.16, 1.75 Å), is substituted at the C5 position, a 174 
similar KD is observed (14 μM). However, when the large, weakly electronegative substituent iodine 175 
(2.66, 1.98 Å) or a methyl group (2.55, 2.00 Å) is added, we observe an increase in KD (~60 μM). In 176 
short, we observed an increase in affinity with smaller, highly electronegative substituents but a decrease 177 
in affinity with larger, less electronegative substituents. What structural feature could account for the 178 
differing affinities of these compounds? 179 
 180 
These differences may result from interactions of the nucleosides with Phe 366. In the structure of 181 
vcCNT-7C8C bound to uridine, Phe 366 appears to interact with both the uracil base and the ribose of the 182 
nucleoside. Phe 366 forms an offset π-π interaction with the aromatic pyrimidine ring and also forms CH-183 
π interactions with the ribose (Figure 1C and Figure 3A-3B). The addition of a small, highly 184 
electronegative substituent at the C5 position could strengthen the interaction between the pyrimidine 185 
ring and Phe 366, as is the case with many pi-pi interactions (Hunter and Sanders, 1990, Ringer et al., 186 
2006).  187 
 188 
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Notably, Phe 366 is universally conserved between members of the CNT family, and its functional 189 
importance has never been tested. To examine the role of Phe 366 in nucleoside recognition, we mutated 190 
this residue and performed isothermal titration calorimetry (ITC) experiments. We found that the 191 
requirement for Phe at this position is strict, as mutation of this residue to alanine or tyrosine or 192 
tryptophan results in significantly decreased binding affinity for uridine while not affecting the stability 193 
significantly (Figure 3C-3F and Figure 3 – figure supplement 1). Therefore we suggest that Phe 366 plays 194 
a critical role in recognition of the nucleoside by CNTs.  195 
 196 
Ribose Interactions 197 
Amino acid residues that interact with the ribose in the vcCNT structure (Glu 332, Asn 368, and Ser 371) 198 
are invariant between hCNTs and vcCNT. To probe these interactions, we measured KDs for 199 
deoxyuridines from which each of the ribose hydroxyls have been removed. Both 3’- and 5’-200 
deoxyuridine yielded KD values greater than 2,800 μM (Figure 4A), while the binding affinity for 2’-201 
deoxyuridine is not as drastically affected (KD = 170 μM). Several anticancer nucleoside analog drugs 202 
contain modifications at the C2’ position of the ribose. Gemcitabine, for example, is a cytidine analog 203 
with two fluorine atoms bonded to C2’. The measured KD of gemcitabine for vcCNT (KD = 1,370 μM) is 204 
~22-fold higher than that for cytidine (KD = 61 μM) (Figure 4B and Figure 4 – figure supplement 1). To 205 
understand the structural basis of this significant reduction in binding affinity associated with the fluorine 206 
substitutions, we solved the crystal structure of vcCNT-7C8C bound to gemcitabine (Figure 4C and 207 
Figure 4 – figure supplement 2). In the uridine-bound structure, a CH-π interaction was observed between 208 
the C2’ hydrogen and Phe 366 (Figure 3B). In order for vcCNT to accommodate for the bulkier fluorine 209 
atom on the other epimeric position of C2’, which creates steric interference and electrostatic repulsion 210 
with the π electrons of Phe 366, both Phe 366 and TM7b (including Ser 371) move slightly away from 211 
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the nucleoside with respect to the uridine-bound structure (Figure 4D). Furthermore, the ribose of the 212 
gemcitabine is reoriented with respect to the other nucleoside-bound structures (Figure 4E). In addition to 213 
the steric and electrostatic disruption of the ribose-binding site, fluorine is a poor substitute for a 214 
hydroxyl as a hydrogen-bond acceptor and thus provides a less favorable interaction of the ribose with 215 
Ser 371 (Howard et al., 1996, Dunitz and Taylor, 1997). To further test the importance of the epimeric 216 
position of the 2’-hydroxyl group of the ribose, we attempted to measure the KD of another anticancer 217 
cytidine analog known as cytarabine (cytosine arabinoside) which has its 2’-hydroxyl flipped up above 218 
the ribose ring (Figure 4B). Cytarabine displayed no measurable binding when titrated into vcCNT (KD > 219 
3,000 μM). Interestingly, consistent with our observation with vcCNT, hCNTs show no significant 220 
binding and transport of cytarabine (Clarke et al., 2006). Taken together, these results reveal that the 221 
interactions of both the nucleobase and the ribose with Phe 366 and the interactions of the ribose with 222 
TM7 are critical for nucleoside recognition by CNTs, which explains the intolerance of CNTs for 223 
substituents at the other epimeric position of C2’ of nucleosides. 224 
 225 
Structure-Based Ligand Modification 226 
Of all of the nucleosides and nucleoside analogs studied, the fluorescence probe pyrrolo-cytidine had the 227 
strongest binding affinity for vcCNT (KD = 0.9 μM, Figure 5A). We solved the crystal structure of 228 
vcCNT-7C8C bound to pyrrolo-cytidine and found that the methyl-pyrrole ring fits neatly into a pocket 229 
formed by TM4 and TM6 (Figure 5B and Figure 5 – figure supplement 1). None of the other nucleosides 230 
in this study have moieties that can exploit this “nucleo-pocket”, and therefore this could be the root of 231 
the added strength of binding for pyrrolo-cytidine. 232 
 233 
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From our structural and binding studies, we learned that ribose interactions are important for CNT 234 
binding but nucleobase interactions are less stringent and can even be modified to improve binding. 235 
Because many nucleoside drugs contain modifications at the ribose (e.g. gemcitabine, AZT, and 236 
cytarabine), their apparent affinities for hCNTs are low (Clarke et al., 2006, Graham et al., 2000). We 237 
wondered whether this loss of affinity due to ribose modification could be compensated for by 238 
modification of the nucleobase. We synthesized a gemcitabine analog with the fluorescent nucleobase of 239 
pyrrolo-cytidine, which we now refer to as pyrrolo-gemcitabine (Figure 5A). We measured its binding 240 
affinity for vcCNT using the fluorescence-anisotropy assay and found that the KD decreased by ~60-fold 241 
to 24 μM, suggesting that nucleobase interactions and ribose interactions are additive.  242 
 243 
We next sought to test how these results translated to transportability by hCNTs. It is known that hCNT1, 244 
hCNT3, and hENT1 are the main NTs that transport gemcitabine (Damaraju et al., 2012, Bhutia et al., 245 
2011, Marechal et al., 2009, Paproski et al., 2013). To detect nucleoside transport by hCNTs, we turned 246 
to two-electrode voltage-clamp electrophysiological recording. Because hCNTs are Na+-nucleoside 247 
symporters, one can measure the current generated by the Na+ transport that is coupled with nucleoside 248 
transport. We injected Xenopus oocytes with mRNA coding for each of the hCNTs and measured inward 249 
Na+ currents elicited by the addition of different nucleosides to the extracellular side. Addition of 200 μM 250 
gemcitabine to hCNT3-expressing oocytes induced Na+ currents (Figure 5C and Figure 5 – figure 251 
supplement 2). However, the same amount of pyrrolo-gemcitabine had almost no effect. The lack of Na+ 252 
current upon addition of pyrrolo-gemcitabine can either mean that hCNT3 is unable to bind the modified 253 
compound or hCNT3 binds but cannot transport the modified compound. To resolve this issue, a mixture 254 
of equal concentrations of both compounds was added and a reduction of Na+ current was observed, 255 
suggesting that hCNT3 binds to but does not transport pyrrolo-gemcitabine. In contrast, 200 μM pyrrolo-256 
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gemcitabine elicited ~7-fold higher total charge uptake than gemcitabine for hCNT1 (Figure 5D). hCNT2 257 
transported neither compound (data not shown). Although both hCNT1 and hCNT3 can transport 258 
pyrimidines, by modifying the pyrimidine nucleobase of gemcitabine we have created a subtype-specific 259 
nucleoside analog with enhanced transportability by hCNT1.  260 
 261 
The nucleo-pocket of vcCNT differs by only one amino acid (Gly 187 to Ser 374) from hCNT3 and three 262 
amino acids (Gly 187 to Ser 352, Val 188 to Leu 353, and Leu 259 to Val 424) from hCNT1. Since the 263 
nucleoside-binding site of vcCNT is highly homologous to hCNTs, we generated models of the hCNT1 264 
and hCNT3 nucleo-pockets by swapping out these residues in the vcCNT-pyrrolo-cytidine structure. The 265 
structural models of hCNT1 and hCNT3 suggest changes in the overall structure of the nucleo-pocket 266 
(Figures 6A and 6B). In particular, the nucleo-pocket of the hCNT1 model does not have a large enough 267 
cavity to accommodate the pyrrole ring, and the opening to the intracellular solution is larger due to the 268 
smaller side chain on TM6. In the paradigm of the alternating-access mechanism of sodium-coupled 269 
symporters (Krishnamurthy et al., 2009), substrate release is achieved by the transition from the inward-270 
facing occluded to the inward-facing open state (Figure 6C). Because the structure of vcCNT adopts an 271 
inward-facing occluded conformation where TM6, including Leu 259, serves as part of the gate (Johnson 272 
et al., 2012), the hCNT1 model suggests that the additional pyrrole group may destabilize the inward-273 
occluded state and facilitate the transition to the inward-open state. In contrast, the additional pyrrole 274 
group may stabilize the inward-occluded state of hCNT3 and slow the transition into the inward-open 275 
state. Our hypothesis predicts that changing the structure of the nucleo-pocket in the inward-facing state 276 
would affect nucleoside transport by hCNTs. Consistent with our prediction, mutation of Val 375 and 277 
Leu 446 of hCNT3 to mimic the nucleo-pocket of hCNT1 leads to an increase in transport of pyrrolo-278 
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gemcitabine (Figure 6D). Furthermore, mutation of Leu 353 and Val 424 of hCNT1 to mimic the nucleo-279 
pocket of hCNT3 leads to a decrease in transport of pyrrolo-gemcitabine (Figure 6E).    280 
 281 
Discussion 282 
Design Principles of Nucleoside Recognition by CNTs 283 
Our structural and equilibrium binding studies of vcCNT have allowed us to better understand the design 284 
principles of nucleoside recognition by CNTs. Two helical hairpins (HP1 and HP2) and two unwound 285 
helices (TM4 and TM7), related by two-fold pseudo-symmetry, create a bowl-shaped nucleoside-binding 286 
site at the center of the transport domain of vcCNT (Figures 1B and 1C). The interactions with the 287 
nucleobase are mainly formed with HP1 and TM4b, and the interactions with the ribose are mainly 288 
formed with HP2 and TM7b (Figure 1C). At the base of the bowl-shaped nucleoside-binding site, Phe 289 
366 interacts with both the nucleobase and the ribose through π-π and CH-π interactions, respectively 290 
(Figures 3A and 3B). Three features make the architecture of the nucleoside-binding site of vcCNT 291 
interesting and unique: 1) The two-fold pseudo-symmetry of the binding site that is divided in nucleobase 292 
and ribose binding on either side of the symmetry axis; 2) An aromatic ring at the base of the bowl that 293 
interacts with both the nucleobase and the ribose; 3) The localization of most of the protein-nucleoside 294 
interactions to one side of the nucleoside. These features of the nucleoside-binding site lead to the 295 
following questions: What are the energetics of the nucleobase and ribose interactions? What is the role 296 
of Phe 366? Why are the interactions with the nucleoside localized to the concave side of the bowl? 297 
 298 
With regard to binding energetics, our equilibrium-binding studies have shown that the ribose 299 
interactions are energetically important consistent with previous non-equilibrium studies with hCNTs 300 
(Clarke et al., 2006). However, while disruption of the nucleobase interactions can have significant 301 
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effects, the nucleobase can also be modified to improve binding. It is worth noting that our equilibrium-302 
binding studies of vcCNT translate well to hCNT function. For example, we showed that the interaction 303 
between the C3’ ribose hydroxyl group and Ser 371 on TM7b is important in vcCNT (Figures 1C and 304 
4A). Consistent with our observation, the hCNT1S546P variant is non-functional (Ser 546 in hCNT1 is 305 
equivalent to Ser 371 in vcCNT) (Cano-Soldado et al., 2012). Another important finding of our studies is 306 
that interactions with the nucleobase and ribose can be additive, and thus the loss of binding energy from 307 
modification of part of the nucleoside can be compensated for by the gain of energy from modification of 308 
another part of the nucleoside. Therefore if a nucleoside drug contains a chemical modification necessary 309 
for its pharmacological function that hampers its recognition by CNTs, a compensatory chemical 310 
modification can be made so that the drug can still be recognized by CNTs. 311 
 312 
Our structural and equilibrium-binding studies highlighted the importance of Phe 366 in nucleoside 313 
recognition. The nucleoside-bound structures of vcCNT help to shed light upon the structural basis of the 314 
importance of this residue. Notably, Phe 366 is the only residue within the nucleoside-binding site that 315 
forms interactions with both portions of the nucleoside. Furthermore, all of the other binding-site residues 316 
on HP1, HP2, TM4b, TM7b interact from the same side of the nucleoside as Phe 366, forming the shape 317 
of a bowl around the nucleoside with Phe 366 serving as its base. As a result, the nucleoside rests on the 318 
face of Phe 366, likely helping to orient the nucleoside so that it may form all of the other interactions 319 
within the binding site. Although π-π and CH-π interactions are generally weak, they can provide 320 
significant interaction energies depending on the circumstance (Nishio, 2011, Waters, 2002). The 321 
importance of Phe 366 is demonstrated by the changes in affinity of C5-substituted uridine analogs for 322 
vcCNT by altering the π-π interaction with the nucleobase and the significant reduction of affinity of 323 
C2’-substituted nucleoside drugs via disruption of the CH-π interaction with the ribose. Furthermore, ITC 324 
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experiments with Phe 366 mutants revealed the stringent requirement for phenylalanine at this position, 325 
as even replacement with tyrosine resulted in a significant loss of binding affinity for uridine. Taken 326 
together, we propose that the role of Phe 366 is to position the nucleoside for effective binding thus 327 
serving as a “selectivity ring”. 328 
 329 
What is the molecular basis of having a bowl-shaped nucleoside-binding site? Several other nucleoside-330 
binding proteins bind to their substrates by sandwiching the nucleobase between aromatic residues 331 
(Suzuki et al., 2004, Monecke et al., 2014). The utilization of a bowl-shaped binding site for a transporter 332 
makes practical sense as the substrate must be able to bind to and dissociate readily from the binding site 333 
in order for efficient transport to occur. We previously proposed that the transport domain undergoes a 334 
rigid-body motion while the scaffold domain, including TM6, remains static during the transition from 335 
the outward-occluded to the inward-occluded conformational state (Figure 6C) (Johnson et al., 2012). In 336 
the inward-occluded conformation, TM6 (including Leu 259) is located on top of the bowl, serving as 337 
part of the intracellular gate and partially occluding the nucleoside from dissociating into the cytoplasm. 338 
Portions of HP1 and TM7b form the rest of the intracellular gate and may move slightly during the 339 
transition from the inward-occluded to the inward-open conformational state (Figure 6C), allowing the 340 
nucleoside to exit from the top of the bowl.  341 
 342 
This rigid-body conformational change also suggests that most of the interactions between transporter 343 
and nucleoside that are present in the inward-occluded structure are maintained in the outward-facing 344 
conformation, as observed with other sodium-coupled transporters (Reyes et al., 2009, Zhou et al., 2014). 345 
One exception is the interaction between the methylpyrrole ring of pyrrolo-cytidine with the 346 
nucleopocket, which is likely to preferentially interact with the inward-occluded conformation because of 347 
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the involvement of part of the scaffold domain (TM6, Figure 5B and 6C), which we expect to be 348 
immobile during the conformational change. While both conformations should be represented when the 349 
transporter is solubilized in detergent micelles, we anticipate that our structural and equilibrium-binding 350 
data revealed most of the amino acid residues that are important for nucleoside recognition. Consistent 351 
with our hypothesis, amino acid residues that were shown to be important from our inward-conformation-352 
based binding studies in detergent have also been shown to be important for the binding and transport of 353 
nucleosides by human CNTs in several cell-based mutational studies (Loewen et al., 1999, Slugoski et 354 
al., 2009, Yao et al., 2007, Zhang et al., 2003, Zhang et al., 2005). Further structural and biophysical 355 
studies probing the outward-facing state will help us to develop a complete understanding of the 356 
principles of nucleoside recognition by CNTs. 357 
 358 
Structure-Based Ligand Modification and Its Implications 359 
Despite the recent progress in the area of structural biology of transporters, most SLC transporter 360 
structures determined to date are not highly homologous to human transporters, and it is often the case 361 
that drug interactions with these non-human transporters are different from their human counterparts, 362 
rendering structural studies of drug-transporter interactions technically challenging and necessitating 363 
substantial engineering to mimic the behavior of the human transporters (Singh et al., 2007, Wang et al., 364 
2013). Although our CNT is prokaryotic in origin, it is an excellent model system to study human CNTs 365 
and offers us the opportunity to conduct structural studies of nucleoside and nucleoside-drug selectivity 366 
by hCNTs.  367 
 368 
Understanding the structural principles of nucleoside and nucleoside drug recognition by vcCNT not only 369 
allowed us to understand why a certain class of drugs (e.g. gemcitabine and cytarabine) are not well 370 
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recognized and transported by hCNTs, but also offered us an opportunity to modify an existing drug to 371 
improve its affinity for vcCNT. Furthermore, our electrophysiological studies show that it is not only 372 
transported more efficiently by hCNT1, but it is also selectively transported by hCNT1. Our structural 373 
models of hCNT1 and hCNT3 allowed us to hypothesize that the subtype-specific differences in the 374 
structures of the nucleo-pocket in the inward-facing-occluded conformation give rise to the subtype-375 
selectivity of the modified compound. The results of the mutational studies of the nucleo-pockets in 376 
hCNTs are consistent with this hypothesis. Although we do not know whether the modification of 377 
gemcitabine affects the outward conformation due to the lack of a structure of the outward-facing 378 
conformation, our studies suggest that destabilization of the inward-facing-occluded step would facilitate 379 
the release of the pyrrolo-gemcitabine. Conversely, stabilization of the outward-facing-occluded step 380 
would facilitate the capture of the substrate. Taken together, if one has knowledge of both the outward- 381 
and inward-facing conformations of the transporter, it might be possible, at least in principle, to modify a 382 
compound to bind to both conformations with differential affinities, which may improve its 383 
transportability and selectivity. Prior to our studies, the presence of the nucleo-pocket structure was 384 
unknown. Although our study with pyrrolo-gemcitabine serves merely as proof of concept, it is 385 
conceivable that the nucleo-pocket structure can be utilized in the design of nucleoside-derived drugs or 386 
prodrugs that can be specifically targeted only to cell types that express hCNT1 since expression levels of 387 
hCNT1 are closely related to the responsiveness of many different types of normal or cancer cells to 388 
chemotherapy treatment (Choi, 2012, Lane et al., 2010, Naito et al., 2010, Bhutia et al., 2011, Rabascio et 389 
al., 2010).  390 
 391 
Finally, our studies provide another valuable concept: even though two transporter subtypes may share 392 
substrate and drug specificity, as is the case with hCNT1 and hCNT3, it is still possible to use structural 393 
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differences (with the help of modeling) between the two subtypes to design or modify a drug that can be 394 
selectively transported. This concept has broad applications to many SLC transporters that are involved 395 
in ADME since many families such as SLC21, SLC22, and SLC29 possess subtype-dependent drug 396 
specificities and/or tissue distributions (Hagenbuch and Stieger, 2013, Koepsell and Endou, 2004, 397 
Baldwin et al., 2004).  398 
 399 
These results can also have an impact on basic scientific research. Since some transporter subtypes show 400 
significant changes in expression levels between normal and pathological conditions (i.e. cancer), and 401 
these changes in transporter expression are usually important for the pathological conditions to persist, a 402 
fluorescent compound that is subtype-specific (e.g. pyrrolo-gemcitabine) for a certain transporter family 403 
can be a valuable tool to study the role of transporter subtypes in human health and disease through live 404 
cell imaging (Bhutia et al., 2011, Farre et al., 2004, Perez-Torras et al., 2013, Zhang et al., 2006). Taken 405 
together, this work not only represents an extensive structural study of substrate and drug selectivity by 406 
membrane transporters, but our results also provide proof of principle for using this type of structure-407 
function study for modifying drugs so that they are recognized and taken up into the cell by their cognate 408 
transporters more efficiently and selectively (Han and Amidon, 2000, Majumdar et al., 2004).  409 
  410 
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Materials and Methods 411 
Crystallization 412 
Wild-type vcCNT and vcCNT-7C8C were expressed and purified as described (Johnson et al., 2012) in 413 
the absence of any added nucleoside. Briefly, protein was expressed as a His10-MBP fusion in C41 414 
(DE3) cells, cells were lysed by homogenizer (AVESTIN, Ottawa, ON), protein was extracted from 415 
crude lysate using 30 mM dodecyl-maltoside, lysates were spun down to remove the insoluble fraction, 416 
and the supernatant was applied to a Co2+-affinity column for purification. The His10-MBP was cleaved 417 
by overnight digestion by PreScission Protease and vcCNT was separated from His10-MBP by gel 418 
filtration using a Superdex 200 10/300 GL column in the presence of 5 mM decyl-maltoside. After gel 419 
filtration, protein was concentrated to ~10 mg/mL and nucleoside was added to 1 mM (uridine), 2 mM 420 
(cytidine, adenosine), or 10 mM (ribavirin, gemcitabine, 5-fluorouridine, pyrrolo-cytidine, zebularine). 421 
Crystals were grown in the presence of 100 mM CaCl2, 37-42% PEG400, and 100 mM buffer: HEPES 422 
pH 7.5 (ribavirin), Tris-HCl pH 8.0-8.5 (adenosine, cytidine, gemcitabine, pyrrolo-cytidine), or glycine 423 
pH 9.5 (uridine, 5-fluorouridine, zebularine). Crystals were grown using the microbatch-under-oil 424 
technique. Crystals were harvested after 10-14 days, transferred to cryo solution containing 32.5% 425 
PEG400, and flash frozen in liquid nitrogen. 426 
 427 
Data Collection and Structure Determination 428 
X-ray data were collected at beamlines 22-ID-D and 24-ID-C at the Advanced Photon Source at 429 
Argonne National Laboratory. Data were processed using HKL-2000. The uridine, cytidine, zebularine, 430 
5-fluorouridine, ribavirin, and pyrrolo-cytidine complex structures were refined using PHENIX with 431 
the original vcCNT structure (PDB ID 3TIJ) as the input model. The adenosine and gemcitabine 432 
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complex structures were solved by molecular replacement with the original vcCNT structure as the 433 
search model using PHASER and refined using PHENIX.  434 
 435 
Fluorescence-Based Equilibrium-Binding Assay 436 
To measure the binding affinity of vcCNT for fluorescent nucleoside analogs, individual 500-μL 437 
solutions were prepared containing varying concentrations of vcCNT in 5 mM DM and either 5 μM 438 
pyrrolo-cytidine or 2 μM pyrrolo-gemcitabine. The fluorescence anisotropy of each solution at λex = 439 
340 nm and λem = 467 nm was measured using a Cary Eclipse Fluorescence Spectrophotometer 440 
(Agilent, Santa Clara, CA) with automated polarizers. Each titration was performed at least three times. 441 
The data for the three titrations were simultaneously fit to a single-site binding model based off of 442 
Morrison’s quadratic equation using nonlinear least-squares analysis in GraphPad Prism to obtain a 443 
binding constant and standard error. 444 
 445 
To measure the binding affinity of vcCNT for other nucleosides and nucleoside analogs, the nucleoside 446 
of interest was titrated 5 μL at a time into 500 μL of solution initially containing 5 μM of vcCNT in 5 447 
mM DM and 1-2 μM pyrrolo-cytidine. The fluorescence anisotropy after each addition was measured. 448 
Each titration was performed at least three times. The data for the three titrations were simultaneously 449 
fit to a one-site competitive binding model based off of Wang’s method (Wang, 1995) using nonlinear 450 
least-squares analysis in GraphPad Prism to obtain a binding constant and standard error. 451 
 452 
Isothermal Titration Calorimetry 453 
vcCNT mutants were prepared in the same manner as wild-type vcCNT. 15-30 mM of uridine was 454 
titrated 5 μL at a time into 25-40 μM of vcCNT solubilized in 5 mM DM using a MicroCal VP-ITC 455 
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system (GE Healthcare, Pittsburgh, PA). The total heat exchanged during each injection was fit to a 456 
single-site binding isotherm with KD and ΔHo as independent parameters. 457 
 458 
Chemical Synthesis 459 
See Supplementary file 1 for a full description of the pyrrolo-gemcitabine synthesis. Briefly, the 460 
Sonogashira coupling of known 2’-deoxy-2’,2’-difluoro-5-iodo-uridine (Quintiliani et al., 2011) with 461 
propyne followed by Cu(I)-mediated cyclization provided the corresponding furano-gemcitabine in 462 
64% for 2 steps. Treatment of furano-gemcitabine with NH4OH and CH3OH completed the synthesis of 463 
the desired pyrrolo-gemcitabine in 75%.  464 
 465 
Xenopus laevis Oocyte Expression and Electrophysiology 466 
The genes coding for the three hCNTs, hENT1, and vcCNT were cloned into a pGEM-HE vector. 467 
Plasmids were linearized using either SphI or NheI, and mRNA was transcribed using the mMESSAGE 468 
mMACHINE T7 Transcription Kit (Ambion, Grand Island, NY). Defolliculated Xenopus laevis oocytes 469 
were purchased from Ecocyte Bioscience (Austin, TX). Individual oocytes were injected with 40 ng of 470 
mRNA using a 10-μl microdispenser (Drummond Scientific, Broomall, PA) fitted with a tapered glass 471 
pipette tip and incubated at 17 °C for 4-5 days in ND96 buffer (96 mM NaCl, 2 mM KCl, 1 mM 472 
MgCl2, 1.8 mM CaCl2, and 5 mM HEPES pH 7.5) with 0.1% penicillin and streptomycin before 473 
recording. 474 
 475 
The oocyte-recording chamber was gravity-perfused with ND96 buffer at a rate of 2 mL/min. 476 
Membrane currents were measured using an Oocyte Clamp (OC-725C; Warner Instruments, Hamden, 477 
CT). Individual oocytes were penetrated with two microelectrodes filled with 3 M KCl (0.5 ~ 1.0 MΩ). 478 
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All electrophysiological experiments were conducted at room temperature. The OC-725C Oocyte 479 
Clamp was computer-interfaced via an Axon Digidata 1550 and controlled by Axoscope software 480 
(Molecular Devices, Sunnyvale, CA). The current signals were filtered at 20 Hz and sampled at 481 
intervals of 20 msec. The signals were filtered at 0.5 Hz by use of pCLAMP 10.4 software for data 482 
presentation. Ooctyes were impaled with the electrode filled with 3 M KCl, and then membrane 483 
potentials were observed for 10 min. Cells were discarded if resting membrane potentials were unstable 484 
or more positive than −30 mV. Oocyte membrane potentials were clamped at −90 mV for holding 485 
potentials to measure transporter-generated currents. All data are shown as means ± SEM. 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
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Figure Legends 705 
Figure 1. The nucleoside-binding site of vcCNT and fluorescence-anisotropy-based competition 706 
assay. A) The vcCNT-7C8C trimer viewed from within the plane of the membrane. The location of the 707 
membrane is marked by rectangles. The scaffold domain of one protomer is colored light blue and the 708 
transport domain is colored red, blue, orange, cyan, wheat, and brown. The other two protomers are 709 
colored gray. Uridine is shown bound to each protomer in stick representation. The nucleoside-binding 710 
site is delineated with dashed lines. vcCNT-7C8C functions similarly to wild type (see Figure 1 – 711 
figure supplement 1). B) The vcCNT-7C8C protomer. The structure is rotated 120° about the trimer 712 
axis relative to A, zoomed in, and the other two protomers have been removed for clarity. C) 713 
Nucleoside-binding site. Amino acid residues that interact with the uridine are labeled and shown in 714 
stick representation and were used for sequence identity calculation with hCNTs. Hydrogen bonds are 715 
shown as dashed lines. The uracil base is marked with a blue box and the ribose is marked with a gray 716 
box. For a stereo view of the electron density in the nucleoside-binding site, see Figure 1 – figure 717 
supplement 2. D) Fluorescence titration of vcCNT with uridine. Uridine was titrated into solution 718 
containing vcCNT and the fluorescent nucleoside pyrrolo-cytidine, anisotropy was measured, and data 719 
were fit to a single-site competitive binding model to obtain a KD of 36 ± 3 μM (mean ± SEM, n = 3). 720 
 721 
Figure 2. Structural basis of nucleobase recognition by vcCNT.  A) The crystal structure of vcCNT 722 
bound to zebularine. B) Chemical structure of 3-methyluridine. C) The crystal structure of vcCNT-723 
7C8C bound to adenosine. D) The crystal structure of vcCNT-7C8C bound to ribavirin. E) The crystal 724 
structure of vcCNT-7C8C bound to 5-fluorouridine. Fluorine is colored cyan. All electron density maps 725 
represent Fo-Fc SA-OMIT maps for the nucleoside contoured at 3σ. Uridine is shown in the center of 726 
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the figure for reference. For stereo views of the electron density in the nucleoside-binding site for each 727 
of these structures, see Figure 2 – figure supplements 1-4. 728 
 729 
Figure 3. Phe 366 is crucial for nucleoside binding by vcCNT. A) The nucleoside-binding site of 730 
vcCNT-7C8C bound to uridine is shown viewed from the cytoplasm. Phe 366 interacts with the uracil 731 
base via π-π interactions. The other epimeric 2’ position is marked with an arrow. B) Another view of 732 
the interaction between Phe 366 and uridine. Phe 366 interacts with the ribose via CH- π interactions 733 
(dashed lines). C) - F) Isothermal titration calorimetry of uridine binding to wild-type vcCNT and Phe 734 
366 mutants. KD = 45 ± 8 μM and ΔHo = -2,970 ± 330 cal/mol for WT, KD= 1,630 ± 120 μM and ΔHo = 735 
-2,200 ± 190 cal/mol for F366A, KD= 920 ± 170 μM and ΔHo = -1,600 ± 440 cal/mol for F366Y, and 736 
KD= 1,470 ± 90 μM and ΔHo = -3,190 ± 130 cal/mol for F366W (means ± SEM, n=3). Note that the KD 737 
for F366A could not be reliably measured due to the low heat associated with binding. Each of the 738 
F366 mutants is biochemically stable as evidenced by a single, sharp peak at the expected trimer size 739 
when subjected to size-exclusion chromatography (Figure 3 – figure supplement 1). 740 
 741 
Figure 4. Structural basis of ribose recognition by vcCNT. A) Dissociation constants for 742 
deoxyuridines. B) Chemical structures and KDs of cytidine, gemcitabine, and cytarabine. The cytidine 743 
is from the crystal structure of vcCNT-7C8C bound to cytidine (for a stereo view of the electron 744 
density in the nucleoside binding site of this structure, see Figure 4 – figure supplement 1), and the 745 
other nucleosides are simply chemical structures in the same orientation as cytidine. Fluorine atoms in 746 
gemcitabine are colored cyan. C) Crystal structure of vcCNT-7C8C bound to gemcitabine. Density 747 
shown is from Fo-Fc SA-OMIT map contoured at 3σ. For a stereo view of the electron density in the 748 
nucleoside-binding site, see Figure 4 – figure supplement 2. D) Alignment of uridine-bound and 749 
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gemcitabine-bound vcCNT structures. Structures were aligned by Cα using PyMOL. TM7 was not used 750 
for the alignment.  Cα traces and interacting amino acid residues are shown. The uridine-bound vcCNT 751 
structure (PDB ID: 3TIJ) is gray and the gemcitabine-bound vcCNT-7C8C structure is deep purple. E) 752 
Alignment of vcCNT and vcCNT-7C8C structures bound to uridine (PDB ID: 3TIJ), zebularine, 753 
cytidine, pyrrolo-cytidine, 5-fluorouridine, and gemcitabine. Alignments were performed in the same 754 
manner as D. vcCNT-7C8C-gemcitabine is shown in hot pink and all other structures are shown in 755 
gray. 756 
 757 
Figure 5. Design of pyrrolo-gemcitabine and its transportability by hCNTs. A) Chemical structures 758 
and KDs of gemcitabine and the pyrrolo-nucleosides. B) The crystal structure of vcCNT-7C8C in 759 
complex with pyrrolo-cytidine is shown in surface representation with pyrrolo-cytidine shown in stick 760 
representation. The additional three carbons that comprise the methyl pyrrole ring of pyrrolo-cytidine 761 
are colored green. The vcCNT-7C8C nucleo-pocket, formed mainly by G187 (TM4), V188 (TM4) and 762 
L259 (TM6), is delineated with a dotted line. The location of the cytoplasm, adjacent to the nucleo-763 
pocket, is shown. For a stereo view of the electron density in the nucleoside-binding site, see Figure 5 – 764 
figure supplement 1. C) hCNT3 transports gemcitabine but not pyrrolo-gemcitabine. Na+ currents were 765 
elicited by the addition of nucleoside to Xenopus oocytes expressing hCNT3, and currents were 766 
measured by two-electrode voltage-clamp. An example current trace is shown. For each individual 767 
oocyte, the area under each current peak was measured to calculate total charge (Q) transported during 768 
application of nucleoside. The ratio of total charge co-transported with gemcitabine to that with 769 
pyrrolo-gemcitabine or gemcitabine total charge to gemcitabine + pyrrolo-gemcitabine total charge was 770 
calculated for each oocyte experiment (means ± SEM, n=14 oocytes). For Gem + Pyr-Gem, 200 μM of 771 
each nucleoside was added simultaneously. D) hCNT1 transports pyrrolo-gemcitabine better than 772 
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gemcitabine. Same experiment as in C but hCNT1-expressing oocytes were used and the ratio of total 773 
charge for pyrrolo-gemcitabine to gemcitabine is shown (means ± SEM, n=11 oocytes). Neither 774 
gemcitabine nor pyrrolo-gemcitabine elicited currents in water-injected oocytes (Figure 5 – 775 
supplementary figure 2.) See Figure 5 – Source data 1 for total charge source data. 776 
 777 
Figure 6. Structural basis of the subtype selectivity of pyrrolo-gemcitabine. A) Model of hCNT3 778 
nucleo-pocket. The structure of vcCNT-7C8C bound to pyrrolo-cytidine was used to generate a model 779 
of the hCNT3 nucleo-pocket by mutating the appropriate residues in PyMOL and selecting the rotamer 780 
that yielded the lowest amount of steric clash. B) Model of hCNT1 nucleo-pocket. The model was 781 
generated in the same manner as A. Note that the methyl pyrrole ring (green) will clash with the 782 
hCNT1 nucleo-pocket if it maintains the nucleoside-binding mode observed in the vcCNT structure. C) 783 
Hypothetical alternating-access mechanism of vcCNT. A cartoon representation of the different 784 
conformational states along the transport cycle is depicted. The transport domain (including HP1, HP2, 785 
TM4b, and TM7b) and TM6 are shown as cylinders. Uridine is shown in stick representation. The 786 
location of the nucleo-pocket in the inward-occluded conformation (bottom right) is located between 787 
TM6 and TM4 and is marked with a green star. The inward-occluded conformation is derived from the 788 
crystal structures of vcCNT. All other conformations are purely hypothetical. The transition between 789 
inward- and outward-facing conformations is proposed to be achieved by a rigid-body movement of the 790 
transport domain across TM6 (Johnson et al., 2012). Extracellular and intracellular gating likely 791 
involves slight rearrangements of HP2/TM4b and HP1/TM7b, respectively. D) hCNT3 (375L/446V) is 792 
capable of transporting both gemcitabine and pyrrolo-gemcitabine. Same experiment as Figure 5C and 793 
5D but hCNT3 (375L/446V)-expressing oocytes were used and the ratio of total charge (Q) co-794 
transported with gemcitabine to pyrrolo-gemcitabine is shown (means ± SEM, n=11 oocytes). E) 795 
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hCNT1 (353V/424L) transports pyrrolo-gemcitabine less efficiently than gemcitabine (means ± SEM, 796 
n=8 oocytes). Note that a higher nucleoside concentration was needed for D and E than the wild-type 797 
experiments due to lower transporter activity and/or expression. See Figure 6 – Source data 1 for total 798 
charge source data. 799 
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Table 1. Data collection and refinement statistics. 828 
 vcCNT-7C8C- 

uridine 
vcCNT- 
zebularine  

vcCNT-7C8C-
adenosine 

vcCNT-7C8C-
ribavirin 

 

Data collection   
Space group P63 P63 P63 P63 
Cell dimensions    

      a, b, c (Å) 119.7, 119.7, 83.1 119.8, 119.8, 82.7 120.0, 120.0, 83.5 119.7, 119.7, 83.6  
αβ γ  (°)  90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120  
Resolution (Å) 2.08 (2.12-2.08) 2.90 (2.95-2.90) 3.10 (3.15-3.10) 2.80 (2.85-2.80)  
Rsym or Rmerge 0.052 (0.554) 0.141 (0.766) 0.104 (0.567) 0.114 (0.758)  
I/σI 42.0 (2.3) 13.5 (1.9) 14.1 (1.3) 20.2 (1.8)  
Completeness (%) 99.3 (93.0) 99.9 (100.0) 99.0 (96.5) 99.8 (100.0)  
Redundancy 5.9 (4.3) 5.8 (5.1) 4.2 (3.4) 7.0 (6.3)  
   
Refinement   
Resolution (Å) 2.08 (2.13-2.08) 2.91 (3.13-2.91) 3.10 (3.41-3.10) 2.80 (2.98-2.80)  
No. reflections 40368 (2381) 14932 (2798) 12429 (2887) 16840 (2635)  
Rwork/ Rfree (%) 20.2/23.3 21.1/24.7 22.4/26.9 22.2/25.9  
No. atoms   
    Protein 2834 2868 2925 2947  
    Ligand/ion 17/1 16/1 19/1 17/1  
    Water/detergent 130/33 3/33 3/33 2/33  
B-factors   
    Protein 44.1 45.6 72.1 58.7  
    Ligand/ion 34.2/31.3 25.6/47.6 61.9/71.0 54.2/64.5  
    Water/detergent 54.4/62.6 29.3/56.4 54.6/89.0 48.1/72.3  
R.m.s deviations   
    Bond lengths (Å)  0.005 0.003 0.002 0.003  
    Bond angles (º) 0.782 0.676 0.617 0.709  

*Highest resolution shell is shown in parenthesis.  829 
 830 
 831 
 832 
 833 
 834 
 835 
 836 
 837 
 838 
 839 
 840 
 841 
 842 
 843 
 844 
 845 
Table 1 (continued). Data collection and refinement statistics. 846 
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 vcCNT-7C8C- 
5-fluorouridine 

vcCNT-7C8C 
cytidine 

vcCNT-7C8C-
pyrrolo-cytidine 

vcCNT-7C8C-
gemcitabine 

 

Data collection   
Space group P63 P63 P63 P63 
Cell dimensions    
    a, b, c (Å) 119.8, 119.8, 83.2 120.0, 120.0, 82.5 119.6, 119.6, 83.1 119.0, 119.0, 82.3  
αβ γ  (°)  90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120  
Resolution (Å) 2.30 (2.34-2.30) 2.60 (2.64-2.60) 2.75 (2.80-2.75) 2.90 (2.97-2.90)  
Rsym or Rmerge 0.067 (0.500) 0.094 (0.665) 0.083 (0.656) 0.061 (0.554)  
I/σI 28.0 (1.6) 24.0 (2.0) 22.6 (1.9) 30.8 (1.9)  
Completeness (%) 97.3 (79.2) 99.3 (98.7) 99.9 (100.0) 99.6 (99.0)  
Redundancy 4.0 (2.4) 6.4 (6.0) 5.8 (5.5) 5.7 (4.6)  
   
Refinement   
Resolution (Å) 2.30 (2.38-2.30) 2.61 (2.75-2.61) 2.75 (2.92-2.75) 2.91 (3.13-2.91)  
No. reflections 29380 (2089) 20600 (2754) 17698 (2784) 14682 (2751)  
Rwork/ Rfree (%) 20.0/21.6 21.4/23.9 20.2/24.7 22.7/25.8  
No. atoms   
    Protein 2937 2898 2921 2883  
    Ligand/ion 18/1 17/1 20/1 18/1  
    Water/detergent 58/33 28/33 3/33 9/33  
B-factors   
    Protein 54.4 59.1 60.9 76.7  
    Ligand/ion 41.4/47.2 46.1/48.6 48.4/54.1 59.6/70.1  
    Water/detergent 59.1/67.9 60.3/62.6 47.9/72.7 58.8/101.4  
R.m.s deviations   
    Bond lengths (Å)  0.002 0.002 0.003 0.004  
    Bond angles (º) 0.660 0.609 0.646 0.664  

*Highest resolution shell is shown in parenthesis.  847 
 848 
 849 
 850 
 851 
 852 
 853 
 854 
 855 
 856 
 857 
Table 2. KD values for nucleosides and nucleoside analog drugs calculated from 858 
fluorescence titrations. 859 
 860 
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Compound KD (μM)* 

uridine 36 ± 3 

cytidine 61 ± 5 

adenosine 470 ± 100 

gemcitabine 1,370 ± 430 

ribavirin 1,530 ± 350 

zebularine 120 ± 5 

3-methyluridine 520 ± 80 

5-fluorouridine 16 ± 1 

5-chlorouridine 14 ± 1 

5-iodouridine 58 ± 5 

5-methyluridine 61 ± 7 

2'-deoxyuridine 170 ± 10 

3'-deoxyuridine >2,800 

5'-deoxyuridine >2,800 

cytarabine >3,000 

pyrrolo-cytidine 0.94 ± 0.17 

pyrrolo-gemcitabine 23.5 ± 0.2 

 861 
*Titrations were performed in triplicate and data were fit globally. All values are given as means ± SEM. See Table 862 
2 – Source data 1 for fluorescence data used in calculating KD values. 863 
 864 
 865 
 866 
 867 
 868 
 869 
 870 
 871 
Table 3. Properties of substituents of 5-substituted uridines and their binding affinities 872 
for vcCNT. 873 
 874 
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Substituent Radius (Å) Electronegativity KD (μM) 

fluorine 1.47 3.98 16 ± 1 

chlorine 1.75 3.16 14 ± 4 

iodine 1.98 2.66 58 ± 5 

methyl 2.00 2.55 61 ± 7 

 875 
 876 
 877 
 878 
 879 
 880 
 881 
 882 
 883 
 884 
 885 
 886 
 887 
 888 
 889 
 890 
 891 
 892 
 893 
 894 
 895 
 896 
 897 
 898 
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 900 
 901 
 902 
 903 
 904 
Figure Supplement Legends 905 
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Figure 1 – figure supplement 1. vcCNT-7C8C maintains nucleoside transport activity. Wild-type 906 
(WT) and 7C8C vcCNT were reconstituted into lipid vesicles and assessed for their ability to support the 907 
uptake of 2 μM of 3H-labeled nucleoside as described (Johnson et al., 2012). The data shown represent 2 908 
min timepoints. Empty vesicles were included as a negative control. 909 
 910 
Figure 1 – figure supplement 2. Electron density at the nucleoside-binding site of vcCNT-7C8C-911 
uridine. The nucleoside-binding site of vcCNT-7C8C bound to uridine is shown in stereo in stick 912 
representation in the same orientation and colored as in Figure 1C. Uridine is yellow and the red spheres 913 
are water molecules. The resolution is 2.1 Å and density shown is from a 2Fo-Fc electron density map 914 
contoured at 1σ. 915 
 916 
Figure 2 – figure supplement 1. Electron density at the nucleoside-binding site of vcCNT-917 
zebularine. The nucleoside-binding site of vcCNT bound to zebularine is shown in stereo in stick 918 
representation in the same orientation and colored as in Figure 2A. Zebularine is yellow and the red 919 
spheres are water molecules. The resolution is 2.9 Å and density shown is from a 2Fo-Fc electron density 920 
map contoured at 1σ. 921 
 922 
Figure 2 – figure supplement 2. Electron density at the nucleoside-binding site of vcCNT-7C8C-923 
adenosine. The nucleoside-binding site of vcCNT-7C8C bound to adenosine is shown in stereo in stick 924 
representation in the same orientation and colored as in Figure 2C. Adenosine is yellow and the red 925 
sphere is a water molecule. The resolution is 3.1 Å and density shown is from a 2Fo-Fc electron density 926 
map contoured at 1σ. 927 
 928 
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Figure 2 – figure supplement 3. Electron density at the nucleoside-binding site of vcCNT-7C8C-929 
ribavirin. The nucleoside-binding site of vcCNT-7C8C bound to ribavirin is shown in stereo in stick 930 
representation in the same orientation and colored as in Figure 2D. Ribavirin is yellow and the red sphere 931 
is a water molecule. The resolution is 2.8 Å and density shown is from a 2Fo-Fc electron density map 932 
contoured at 1σ. 933 
 934 
Figure 2 – figure supplement 4. Electron density at the nucleoside-binding site of vcCNT-7C8C-5-935 
fluorouridine. The nucleoside-binding site of vcCNT-7C8C bound to 5-fluorouridine is shown in stereo 936 
in stick representation in the same orientation and colored as in Figure 2E. 5-fluorouridine is yellow and 937 
the red spheres are water molecules. The resolution is 2.3 Å and density shown is from a 2Fo-Fc electron 938 
density map contoured at 1σ. 939 
 940 
Figure 3 – figure supplement 1. F366 mutants are biochemically stable. 1 L of each construct was 941 
expressed and purified in parallel without the addition of any exogenous nucleosides as described in the 942 
methods. Each sample was initially purified by size-exclusion chromatography using a Superdex 200 943 
10/300 GL column to remove MBP, and then the peak fractions were collected, concentrated, and re-ran 944 
to generate the figures. Each individual chromatogram is shown in the top panels with absolute 945 
absorbance at 280 nm on the y-axis, and all of the normalized chromatograms are shown overlaid in the 946 
bottom panel. 947 
 948 
Figure 4 – figure supplement 1. Electron density at the nucleoside-binding site of vcCNT-7C8C-949 
cytidine. The nucleoside-binding site of vcCNT-7C8C bound to cytidine is shown in stereo in stick 950 
representation in the same orientation and colored as the structures in Figure 2. Cytidine is yellow and the 951 
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red spheres are water molecules. The resolution is 2.6 Å and density shown is from a 2Fo-Fc electron 952 
density map contoured at 1σ. 953 
 954 
Figure 4 – figure supplement 2. Electron density at the nucleoside-binding site of vcCNT-7C8C-955 
gemcitabine. The nucleoside-binding site of vcCNT-7C8C bound to gemcitabine is shown in stereo in 956 
stick representation in the same orientation and colored as in Figure 4C. Gemcitabine is yellow and the 957 
red sphere is a water molecule. The resolution is 2.9 Å and density shown is from a 2Fo-Fc electron 958 
density map contoured at 1σ. 959 
 960 
Figure 5 – figure supplement 1. Electron density at the nucleoside-binding site of vcCNT-7C8C-961 
pyrrolo-cytidine. The nucleoside-binding site of vcCNT-7C8C bound to pyrrolo-cytidine is shown in 962 
stereo in stick representation in the same orientation and colored as the structures in Figure 2. Pyrrolo-963 
cytidine is yellow and the red spheres are water molecules. The resolution is 2.8 Å and density shown is 964 
from a 2Fo-Fc electron density map contoured at 1σ. 965 
 966 
Figure 5 – figure supplement 2. Water-injected oocytes do not respond to gemcitabine or pyrrolo-967 
gemcitabine treatment. Current traces are shown for three different oocyte experiments. Experiments 968 
were performed in the same manner as those in 5C and 5D except water-injected oocytes were used. 969 
 970 
Supplementary File 971 
Supplementary file 1. Synthetic approach to furano- and pyrrolo-gemcitabines. 972 
 973 
Source Data Files 974 
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Figure 5 – Source data 1. Total charge data. Total charge transported (μC) was calculated as the area 975 
under the curve of the current trace after application of the indicated nucleoside to hCNT-expressing 976 
Xenopus oocytes. Each row represents a separate experiment done using a different oocyte.  The ratios of 977 
the total charge transported for the nucleosides are shown in the last columns. 978 
 979 
Figure 6 – Source data 1. Total charge data. Total charge transported (μC) was calculated as the area 980 
under the curve of the current trace after application of the indicated nucleoside to hCNT-expressing 981 
Xenopus oocytes. Each row represents a separate experiment done using a different oocyte. The ratios of 982 
the total charge transported for the nucleosides are shown in the last columns. 983 
 984 
Table 2 – Source data 1. Fluorescence data for KD calculations. For pyrrolo-cytidine and pyrrolo-985 
gemcitabine, individual solutions with fixed nucleoside concentrations and increasing concentrations of 986 
vcCNT were prepared, the fluorescence anisotropy was measured, and the data were fit globally to a 987 
single-site binding model accounting for ligand depletion. For all other nucleosides, the nucleoside of 988 
interest was titrated into solution containing vcCNT and pyrrolo-cytidine 5 μL at a time, the fluorescence 989 
anisotropy was measured, and the data were fit globally to a single-site competitive binding model 990 
accounting for ligand depletion. All experiments were performed at least 3 times. 991 
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WT!

C!A!

F!D! E!

2’!

B!

F366!

2’!
120°!

45°!



D!

TM7b!

F366!

N368!

S371!

HP1!

E156!

T155!
Q154!

I374!

E332!

Y192!
V188!

C! E!

Gemcitabine !
KD = 1,370 μM!

Uridine !
KD = 36 μM!

5’-deoxyuridine!
KD > 2,800 μM!
3’-deoxyuridine!
KD > 2,800 μM!
2’-deoxyuridine!
KD = 170 μM!

Cytarabine!
KD > 3,000 μM!

A! B!
Cytidine!

KD = 61 μM!

2’!
2’!2’!

120°!
90°!

TM7b!

ribose!

nucleobase!

2’!

F366!



C!A!

O

OHOH

HO
N

N

O

HN

O

FOH

HO
N

N

O
F

NH2

O

FOH

HO
N

N

O

HN

F

Gemcitabine!
KD = 1,370 μM !

Pyrrolo-Cytidine!
KD = 0.9 μM !

Pyrrolo-Gemcitabine!
KD = 24 μM !

D!B!

vcCNT!

200 μM!
Gem!

200 μM!
Pyr-Gem!

200 μM!
Gem!

200 μM!
Pyr-Gem!

Gem +!
Pyr-Gem!

2 min!3 min!

hCNT1!hCNT3!

cytoplasm!

Qgem / Qpyr-gem = 96 ± 10!
Qgem / Qgem + pyr-gem = 2.4 ± 0.2! Qpyr-gem / Qgem = 6.8 ± 0.7!



B!

hCNT3! hCNT1!

A!

cytoplasm! cytoplasm!

C!

2 min!

400 μM!
Gem!

400 μM!
Pyr-Gem!

D! hCNT3 !
(375L/446V)!

E! hCNT1!
(353V/424L)!

400 μM!
Gem!

400 μM!
Pyr-Gem!

2 min!

Qgem / Qpyr-gem = 1.3 ± 0.2! Qpyr-gem / Qgem = 0.39 ± 0.05!

Outward open! Outward occluded!

Inward open! Inward occluded!

TM6!TM4b!
HP2!HP2!

TM4b! TM6!

TM7b! TM7b!HP1!HP1!

TM6!TM6!

TM4b! HP2!HP2!TM4b!

HP1! HP1!
TM7b! TM7b!


